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¢ Former-Chair, National User Facility Organization
€ Outreach and Educational Program Speaker

€ Helping to develop K-12 common core standards
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ACHIEVE: http://lIwww.achieve.org/achievingcommoncore

The National Governors Association (NGA) and
Council of Chief State School Officers (CCSSO)
are committed to a state-led process — the
Common Core State Standards Initiative (CCSSI)

Goal: A/ students should graduate from high
school prepared for the demands of
postsecondary education, meaningful
careers, and effective citizenship.

English and Language Arts, Mathemalics, and
Literacy in History/Social Studies, Science, and
Technical Subjects.
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Framework for Common K-12 Core Curriculum (draft)

Experts understand the core principles and
theoretical frameworks of their field.

Their retention of detailed information is aided
by an understanding of its placement in the
context of these principles and theories.

Learning to understand science or engineering
in a more expert fashion requires development
of an understanding of how facts are related to
each other and to overarching core ideas.
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Physics Week (continued)

Tuesday
Milind Diwan -- Physics at BNL
Christoph Montag -- Relativistic Heavy lon Collider (RHIC) Tunnel Tour
Gene van Buren -- STAR Detector Tour
Paul Sorenson -- Physics Colloquium “Sambamurti Lecture”

Wednesday
Marc- Andre Pleier -- Large Hadron Collider (LHC) and the Atlas Detector
Peter Wanderer -- Magnet Factory tour
NOAA at BNL -- Doppler Radar/Weather Balloon Launch

Thursday
William Sherman -- Center for Functional Nanomaterials (CFN)
Stefan Tafrov and Michael Sivertz -- NASA Space Radiation Lab (NSRL)

Friday
Hakeem Oluseyi -- Near-Field Cosmology
Cecilia Hanke-Sanchez -- Physics of National Synchrotron Light Source
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Learning (Memorizing) vs Understanding (Knowing)

A child can learn or memorize that:
1+1=2 or 2-1-1=0
but 1, 2, and “"zero" are abstract concepts.

For a child: Understanding comes from
experience. Give a child one toy and then
another. The child understands having fun

playing with one + one equals two toys.

Subtraction: Take the two toys away abruptly:

Now the child now knows what "zero™ means
and may even cry based on true understanding.
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Understanding Physics

Usual Definition:

Physics is the Study of Matter

Ancient Meaning:

Physics is from the Greek word PHYSIS,
which means:

The attempt to “see” the nature of things
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Small 2 smaller 2 smaller 2 smallest?

People -
Organs -
Cells >
Molecules -
Atoms >

Electrons
and nuclei 2

Protons :
MMOLON |
and NEUtrons =  (6iyes of quarks up,down, -

charm, strange, top and bottom)

Quarks and gluons -
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http://www.jlab.org/publications/12GeV/02.html

A .. sense ... of ...Wonder

Small,

> 2> 2

smaller,
> 2> 2

Key
Nucleus  @rroton  €VEN SMaller,

’ (“ion” when alone) .Neutron 9 9 9

v @ Quarks

and smaller

Gluons
smallest?
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The Very Fast and the Very Small
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Understanding Linear Momentum

In Classical Physics (the large and the slow):
linear momentum (p) equals mass (m) times velocity (v)

p=mv (linear equation: y=a x)

:;isuilizzetixampleé Ah, but how can we truly
m=s, theNp=<V " UNDERSTAND momentum?

p=2v Force is change in momentum
w.r.t. time.

F=dp/dt

If | offer to toss to you either a
tennis ball or a bowling ball at
the same velocity, which one

y would you be willing to catch?

el
OFRPNWHAOUOON®OORN
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Understanding Classical Energy

In Classical Physics (the large and the slow), Potential Energy is
mass (m) times gravitational const, (g) times height (h):

P.E. =mgh

Kinetic Energy is 2 mass (m) times velocity (v):

K.E.="%2m v?
Total Energy (Etotal) is the sum: P.E. + K.E. = Etotal

. /
: /-
30 /
K.E. = /

15 /

10 /

o1 2 3 4 5 & 7 B 9 10

\')
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Understanding Waves

(/A « v « E) A v E

wavelength frequency Energy

Node Wote Node Made Made Note
AVAVA 2/5 A 52ve  5/2E
Node  Mods Made  Wede Mod
1/2 ?&.{} 2 Vo 2 E{)
IO
wede Heds mods nos
2/3 l{} 3/2 Vo 3/2 E{)
wede mode wode
/\/ l{} Vo E{}
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Conservation of Energy and Momentum - Light

We observe in
nature that for
“particles” in
motion energy
and momentum
are conserved
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Waves and Diffraction

A wave moving through a

single slit produces a
circular wave pattern
caused by diffraction.

(pebble dropped in a pond).

constructive

/

Waves passing through
two slits cause
constructive and
destructive interference,
producing a diffraction

pattern.
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Diffraction shows light is a wave

Thomas Young's Double Slit Experiment _
Electromagnetic YWave

Screen with B tagnetic field

Single Slit

Diffracted

Coherent

Spherical
Wave Front

Screen with
Two Slits

=Sunlight A Electric field

ES K3 r : RS i
b av v
\\ ALV ,

vaY : "VA' / ‘thlne of

« > aves

TSI Out of Step
—_—
Line avaiPara
of Waves e s YL Interference
In Step Fringes

But!
Screen Dark Bright M
Fringe Fringe |t dld nOt

Young’s Double-Slit Experiment  prove that
in 1803 proved that light light is only
acts like a wave a wave.
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Photons (particles of light or quanta)

1905 Albert Einstein

iy Explained the photoelectric
oange  effect using a mathematical

Yellow

ceen  description that assumed it was

Blue

ndice caused by absorption of quanta
of light (now called photons).

White Light

Glass Prism

E photon = hv

v, ., =6.22x10° m/s

Einstien showed how the
“particles-of-light” concept

1.77eV 550 v =2.96x10° m/ . .
ooy Ve = 296107 ms / explained the photoelectric effect
/ ivl in terms of absorption of discrete
o ©
o RS quanta.
electrons '.." ‘..'

Einstein's explanation of the
photoelectric effect won him the
Nobel Prize in Physics in 1921.

E.(red)=0 E_(green)=0.25eV E_(violet)=1.1eV

700 nm

Potassium - 2.0 eV needed to ajact alactron

Photoelectric effect
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How do we advance our understanding of nature?

Aristotle (384 — 322 BCE): “Those who wish to
succeed must ask the right preliminary questions.”

“Aristotle's Fundamental Propositions:
> Logic is the essential method of all rational inquiry

> Theory should follow upon the empirical
observation of nature and things.

Yogi Berra: You can observe a lot by watching.

The test of all knowledge is experiment.
EXPERIMENT is the SOLE JUDGE
of SCIENTIFIC TRUTH. -- Richard P. Feynman
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Asking a “right” preliminary question

What are the Elements of Nature?

Empedocles (490-430 BCE) first classified
the elements as fire, air, earth, water
(Chinese added: wood, metal)

FIRE
hot dry
AIR EARTH
wet cold
C) Andy Brice 1998 WATER
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Periodic Table of the Elements

Mn - Lo l"“u

Y Vo | Tc |Ru[Rn [ Pd | Ag

;%@m-
R |Ha Unh [Ne | He | Mt [Uun [Uuu |Uub)
Gl e [‘iﬁﬁé“f&ﬂ“‘”ﬁj Sd L@F Ho| Er [Tm| Yb

electrons (-1), protons (+1), neutrons (0) Noble gases
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What do we know about atoms?

Things that we know today about

ATOMS

1. Very smalll: About 0.1nm across
2. Stable: Atoms can last forever
3. Electrically neutral (no net charge)

4. Emit and absorb light at discrete
wavelengths and energies
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Early Atomic Models: Hard Sphere; Plum Pudding

5th Century B.C. 1897 — Plum Pudding Model 1907 — Testing the
Hard Sphere Model | Ne%?tive Plum Pudding Model
3 - electron

Gold Foil
Radioactive Source

Alpha Particles

Lead

Zinc Sulfide Coated Screen

" Positive charge
thead over
S

ere
Greek Philosopher J. J. Thomson reasoned
Democritus that because electrons
proposed that every comprise only a very
form of matter is small fraction of the Ernasl Rithartord eant
made of very tiny mass of an atom, they alpha particles from a
pieces or indivisible probably were cadiaaclive soliree
building blocks, responsible for an through a thin foil
which he called equally small fraction ibahsarvaitbadisivibiBan
ATOMS. ..
of the atom’s size. of scattered particles.
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Nuclear Atom; Soft scattering; Hard scattering

1907 — Nuclear Atom

Transverse Momentum p;

Rutherford e ]
Rutherford expected the was cngitadine -nmen UM P
alpha particles to be only astonished scattering angle
slightly deflected when and said: | P
passing through the “|t was :r':j';;:‘:;“‘"""
“plum pudding” atoms. almost as ; L PL
Rutherford's Experiment incredible . b- IR parameter -
as if you nucleus T
had f.ired a Struck particle recoils to
15-inch conserve linear momentum
shell at a (total p; is always 0)

]?}:p:cted ;:.Eha ]f;ra:]tli.clf scattering piece Of

- tissue Soft Scattering: Low p;

Instead .......... they were paper and it Hard Scatterina: Hiah

deflected to large angles. came back < el
This proved that a massive and hit L] SIS |rr!plles

ou." substructure, that is

nucleus was at the center. you. something smaller inside).
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Bohr Planetary Model — DeBroglie Electron Waves

1913 1923
Planetary Atom Standing Electron Waves

Neils Bohr suggested that Louis de Broglie
the electrons in an atom proposed the fascinating
might be orbiting the idea that matter actually
nucleus, much like the consists of waves.

planets in our solar system

orbitthesun ............. L7 Pl E, Ui

electrons in an atom
form standing electron

but in non-radiating orbits!
waves.

1926

Wave Mechanics

Erwin Schroedinger
showed later that
probability
distributions can
tell where the
particle is most
likely to be.
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Electron Diffraction

=

2
P1=|¢’1|

Detector
Electron source
|l
:3% | -
12

P,= ¢, P, =100,

Blind Screen

Wave-Particle Dualism: Electrons exhibit
both wave and particle aspects.

Energy: E=hf=hyv, /A
Momentum: p=nhfl/lv.=h/A
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Wave-Particle Dualism

Experiments have shown that things we usually
think of as waves also act like particles and that
things we usually think of as particles also act

like waves.
Light Wave <- Photon
Electron Wave <-> Electron

This does NOT mean that all things are“wavicles”
An electron (e.g., one bound in an atom) acts as
either 100% particle or 100% wave.

Principle of Complimentarity: No experiment can
simultaneously show both wave and particle aspects at
the same point in space and time.

July 18, 2011 Modern Physics: Understanding the very small and the very fast. 26
BNL/OEP Brant Johnson, PHENIX@RHIC/Physics Department/BNL




Quantum Mechanics Quotes

Most physicists are very naive; most still believe in real
waves or real particles. - A. Zeilinger

Quantum phenomena are neither waves nor particles,
but are intrinsically undefined until the moment they are
measured. —J. Wheeler

God does not play dice with the universe. — A. Einstein

Itis not the job of scientists to prescribe to God
how He should run the world. — N. Bohr

Bohr said that if you aren’t confused by qguantum
mechanics, then you haven’t really understood it
— J. Wheeler
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Atom, Nucleus, Nucleon, Parton, Electron

size in atoms and in meters smaller parts
-10
1 Atom:
Nucleus & Electrons
~0.1 nm
Nucleus ~10 fm
10, 000 U “““«\
Nucleons: A . "ﬁ \
Protons @ﬁé\ ) @ \
Neutrons | @Nﬂ P |
100 000 ~1 fm J - v
1 \

100,000,000 9 e 0., Partons
Quarks & Gluons

(Size of Electrons ~1 am)
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Mechanics: Classical, Quantum, Relativistic

Mechanics Energy Momentum| Conserved .
Main Message:
Kinetic: Energy,
Classical E=1/2m v? Linear: Mass, Total energy and
. = Momentum,
[Newtonian] . P=myv momentum are
Potential: W
T=mah aves, always conserved,
. -mg o, Particles, but for very small
( human size Orbital: .
Total: _ Size, (quantum)
and speed ) |l =mvr .
E=T+K Time and very fast
— (relativistic)
Quantum E=hv Energy, mechanics, the
(very =hc/i | P=h/A | pomentum Il “stuff” that carries
small) | ( Wave-Particle the energy and
Duality ) [stuff is not!] momentum is not
conserved and not
— 2 = 2 .
Relativistic |E=mc*=ymoc®| _ 1\ |Mass/Energy, ||| €ven well defined.
{ very - (ol mict | PTTMoV Momentum E=hv
Tast) Ve M [stuff is not!] =hcln
— 2
v=117/1- v/ & E=mc
uly 18, 20 Mlodern Physics: Understanding the very small and the very fast.
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Elements and Isotopes

Atomic Mass (A)
=Z+ N
Element (C):
12 A tonic
C 1 4 M a=z
6 6
Atomic Number (2) | ﬁ 3
= number of
protons (p) Atomic || Heuton
Neutron Number (N) Humber j| Humber
= number of - &

neutrons (n)
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Chart of the Nuclides (Z vs. N)

Isotopes are nuclei with the same Atomic Number
Z (protons), but different Neutron Number N
(neutrons). Light elements usually have about the
same N as Z, but heavier elements have more
neutrons (higher N) than protons (lower 2).
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Radioactive decay can change Z or M

Farent Alpha Daughter Changes in atomic number
nucleus

e particle nucleus and atomic mass number

Some forms oy o ame bt = —4
of radioactive ioha dacay
decay can Parent Daughter
Bata nucleus
Change the » particle .
atomic e Ao tubec= 1
num b er (Z) Beta decay
or mass (M)
Parant Daughtar
Of t h e nuchus
p rm ary Atomic number = —1
Atomic mass number = 0
nucleus.
- Profron () Meutron @& Electron
() 1392 WMiadsworth Publishing Company /TP
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Three common forms of radioactive decay

Alpha Nucleus of normal He isotope;
2 protons and 2 neutrons (charge =+2). \

Beta Electron (charge =-1)
Gamma Photon (particle of light) QA & g

called gamma-ray from nucleus,
or x-ray from atom.

b d

@)
sample in
lead block
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Nuclear Science Web Pages

— R v asw

The ABC’s of Nuclear Science http://www.lbl.gov/abc/

Nuclear Science

Lxpamlon of the Unlverie Phases of

Nuckear Matter

aew .

- -
— o — g -

- —

The Nuclear Science Wall Chart and tour of Nuclear Science
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The Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

FERMIONS .7y BOSONS 5.0
Leptons ow « 172 et Bectwaast apen w1 Semeg ekt wpe s 1

L
R G iharge

w0y [t et o W vt e ey

——

hip ipde Bl govicpes hieml

http://particleadventure.org/particleadventure/ http://www.cpepweb.org/particles.htmi
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Particles and Fields

ELEMENTARY Matter paur;ficles u

PARTICLES dour
charm c
QUARKS strange s
top t
bottom b
electron neutrine Vo
electron e
muon heutrino vy
LEPTONS —— "
tau neutrine Yy
tau T

Force carriers

f"é-ﬂi U SEE = | - - the photon Y
I II III vector bosons wtow Z0
| hree Generanons of Mattes
gluons (B) g
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Four Fundamental Interactions

strong force
carried by the gluon

electromagnetic force
carried by the photon

weak force carried by
the W and Z particles

gravitational force

| .
>irong carried by the graviton

http://particleadventure.org/particleadventure/
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Baryons (protons, neutrons, etc.)

Sample Fermionic Hadrons
Baryons ( (qq ) and Anti-baryon (mq)
(Juark | Electric MMass )
Symbol Name Content | Charge {GE‘E.F;.;Z} Spin
P proton el +1 0938 | 12
p anti-proton md -1 0.938 12
Color
1 neutron udd 0 0.940 172 Aiiarics
Anti-Quarks
-\L lamhda ].1(1.5 0 L.116 112 Anti-Color
Q' omega 39S -1 1.672 3/2 CO|OF neutral
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Meson (pions, kaons, etc.)

Sampie Bosonic Hadrons
Mesons ((ﬁ )
Quark |Electric | DMass ]
Symbol | Name Content | Charge {GEVIEZ} Spin

+ : Kl

aT pion 1« +1 0.140 0

£~ |kaon | 177 -1 0.494 0
AT 51

Fa. tho | 11 +1 | 0770 | 1

DT | D+ | cd +1 1869 | 0

i~ etac | CC 0 2979 0

July 18, 2011 Modern Physics: Understanding the very small and the very fast.
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Quarks carry
.| a color

v
v

Anti-quarks
carry an
anti-color

Gluons carry
a color and
an anti-color
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Standard Model: Leptons, Quarks, and Gluons

Particles discovered 1964 - present:

4
/
4

The Quark Idea
(up, down, strange) {charrﬂ;ﬂﬂﬁm} E ‘ u I C I t
1960 1970 1980 1990 = e ug gharm L
IIIIIIIIIIIIIIIIIIII|IIIIIIIII| m
| =N dls b
Iy tpT ANB wiz O L down_ strarge bottom _ i
(top) WA T T D -
1990 2000 ¥ 2010 Ec (/p]
IIIIIIIIIIIIIIIIIIIIlII : E
.g &— Neulring u—Hautrmu = Nmnnn —
B, t (X ‘
k gyq e u] T W
- = ghaciron muan .
Mesons () Pion () kaon (K), Jiy, @, ®
Baryons (lqu) and Anti-baryen (i) P, A, A, “es I Il III
The Generations of Matter
1) Cannot separate quarks (or poles of magnets)
(i]/‘/ 3 N
q 6 7 8 9 10 g o | [F] e s
- sl » N = = — [ | N
Recombination Fragmentation - ~ N
Baryon _ { Baryon ] %mcson <
Meson Meson ; o L] é =
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RHIC Accelerator Complex and Detectors

2:U8 0 ClocK __Sextant 12/1 P
oy Fo B ' (BRAHMS)

.\\

PH ENIX
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Inside the RHIC tunnel
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Relativistic Heavy lon Collider

Relativistic: Something traveling at
nearly the speed of light

rleavy Jon: Typically fully-strioped
gold ions (bare gold nucleii)

Collider: Two ion beams aimed at
each other to hit head-on.

RHIC by the numbers:
Circumference 3.83 km = 2.38 miles
Maximum energies 100+100 GeV heavy ions,

250+250 GeV protons
Circulation frequency 80,000/sec (80 kHz)
Collision frequency (x100) 8 Mhz
lon velocity 99.9995% speed of light.
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Relativistic Length Contraction

Speed of Observed Observed
Spaceship Length Height
At rest 200 ft 40 ft
i 10 % th:e speed of 199 ft 40 £t
ANNURSIEGRPEEES | SR light
86.5 % tr.le speed 100 ft 40 £t
i of light
99 % th:e speed of 28 ft 40 ft
i light
99.99 % t_he speed 3t 40 ft
i of light
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Photon Probe of Nuclear Collisions

Time T = ¢ p K L K T  freeze-out

» A0 W' (M FLA) R,
o B ? 1 » N
' ] ‘ae‘« ¢

o
......

. Photons can probe
* the|early stage of
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- matter A

b +

I
L

Space




RHIC As A Time Machine

'r

_ .,;“‘. _; quar‘ﬂrgiuun plasma
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e
2 108+
£ i
* atoms formed
E B P
g /
MowW

0% 107 107 1 107 100 107 w0 0% 0¥ 102

Time after Big Bang (seconds)

« Temperature of collisions is about 4 trillion degrees
500,000 times hotter than the center of the sun!

 Super-high temperatures reminiscent of early universe!
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RHIC is World’s first (and only) polarized proton collider

Absolute Polarimeter

(H jet) RHIC pC Polarimeters
_.B‘D @ BRAHMS & PP2PP (p)

I  =2%x10%g'em™

hax

70% Polarizati on

50 < +/s < 500 GeV

Sibeﬂan Snakes

2 x 10! Pol. Protons / Bunch

Partial Siberian Snalk
a7 SIDern, onaxe e =20 ©mm mrad

BOOSTER

Pol. Proton Source

500 1A, 300 ps -

|
200 MeV Polarimeter ¥~ AGS Internal Polarimeter

VRf Dipoles

RHIC accelerates heavy ions to 100 GeV/A
and polarized protons to 250 GeV
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Spin Physics (measure spin substructure)

— —+

A Ag Aq
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Studying Proton Structure with Quark and Gluon Probes

1 1
—=—-AX + AG +
>=5 Le.q

At ultra-relativistic energies the proton
represents a jet of quark and gluon probes
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PHENIX, STAR (formerly PHOBOS, BRAHMS)

July 18, 2011 Modern Physics: Understanding the very small and the very fast.
BNL/OEP Brant Johnson, PHENIX@RHIC/Physics Department/BNL




Three common forms of radioactive decay

Alpha Nucleus of normal He isotope;
2 protons and 2 neutrons (charge =+2). \

Beta Electron (charge =-1)
Gamma Photon (particle of light) QA & g

called gamma-ray from nucleus,
or x-ray from atom.

b d

@)
sample in
lead block
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Tracking Detectors Measure Charge and Momentum

Event
Displays

Left/Right
tells charge

Curvature is
proportional
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The PHENIX Detector at RHIC

e Two Central Arm
Spectrometers to - 7/

SOUTH MUON
MUON i’/._____ MAGNET
{ ioENTIFIER

measure hadrons, W/

electrons, photons

 Two Forward
Spectrometers to
measure muons

EXPANSION| -
CHAMBER :

‘if / V ” [ » HERENKOV

* All four used to o/ @)/
identify particle type; B8 W ~—2=
measure momentum.

ELECTROMAGNETIC
CALORIMETER

two central electron/photon/hadron spectrometers \

two forward muon spectrometers
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PHENIX: Tracking & Particle ldentification

PC3 Central PG

T
PC2 Magnet

TOF

West Beam View East
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Multiplicity, Centrality, Peripheral, Central

Multiplicity: o, - o eim - Centrality:
A lar%e number ﬂ-ﬁ | 90 5 Mo The state
orfwu 2 r::ge E of being central;
(of something). e
MSHIEL KEAION = AAUIE ATRCROMELL towards
multlpllclty .
- ‘ i: . a center.
1"1-.:1:— A . .
" F Hiing 1.38 RHIC collisions :
L Au, s = 200 Ge\
| n<05 ]
4 | | peripheral
o a0 09.9 ‘\ - I
- m\] semi-peripheral
At RHIC: R L } semi-central
the something " Er1GeV most central
.| el Ll Los oo |0
is pal'ti0|es n‘ 300 40 500 00 80¢ 900 n,:.:
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Soft and Hard Scattering: What happens at high p;?

tteri le :
N TTransverse .
alpha particle’s g Momentum pT

tiajectury

.............. e T tum

nucleus

Soft Scattering:
Low p- like in plum pudding H i
model prediction. oV :'snfgg;,t,a.

Hard Scattering: 0.4<y <04
High p;, like in Rutherford 5 |
........... S catteringrESUItS. i .

—Hard scattering implies substructure

S T B

arXiv:nucl-ex/0401006

Most particles Produced plossiluil, ;
at RHIC are “Soft” (Low p-) [ 7 5 (Gevie)
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2004 Nobel Prize in Physics: Asymptotic Freedom (1973)

6 7 8 9 .og . |Cannot separate ~— = ]~
meson quarks ) ] :
» N 5 = = = == ~
%mg;, Cannot separate = 3

N and S poles .| | L& —

The Royal Swedish Academy of Sciences has decided to award the Nobel Prize in:
Physics for 2004 jointly to :

David J. Gross
Kavli Institute for Theoretical Physics, University of California
Santa Barbara, CA, USA

H. David Politzer o
California Institute of Technology jDawvid ).
Pasadena, CA, USA 5

Frank Wilczek
Viassachusetts Institute of Technology (MIT)
Cambridge, MA, USA

"for the discovery of asymptotic freedom in the theory of the strong interaction” ' Frank Wilczek
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Jets of hadrons produced in high-energy collisions

Jet
/ ¥\R / Axis

Aq)dijet

leading partkcle

leading patticle
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Early Discovery at RHIC: Strong Suppression

2

' w10 ¢
gw = o 7°@® AuAu 200 GeV [70-80%)] m § o 7% Aulu @ 200 GeV [0-10%)]
g 1 :_ ¥ 7° pp @ 200 GeV [Ncoll(70-80%) scaled] % 10 B ¥ 7°pp @ 200 GeV [Ncoll(0-10%) scaled]
put = Uncertainty in N __, pp scaling €t . Uncertaintyin N, pp scaling
N s r
-2.10_1; _\\\7’__ + 1 :_ TN
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Evidence for a Dense System in Au+Au Collisions

1.8 -
n::é E rENCoy g Contralmd (0-10%) PRL Cover - 14 January 2002
1.6 - Pr:lvﬁﬂl . | B Peripheral 2% (80-92%)
14t . N_, scaling PHYSICAL
: rard” : REVIEW
1.2:— (hardfroductmn} TS
g | SPPERES + .......... sl .t O e
0.33— + + + + + ’.:";_‘".'{’“"'
0.6 N x4-5 suppression I Y go—
04F __o4 [ ]
-8 e ¥ D
0.2 000°%0,0,0 %070 _
oo e e e o b | :_;‘:::_::
00 2 4 6 8 10 Caps

N_.. scaling Py (GeVic) f

(“soft” production) Discovery of

high p- suppression

factorizati tat ¢ (one of most significant
actorization) expectations for results @ RHIC so far)

hard scattering cross-sections

R, << 1:well below pQCD (collinear
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Control Experiment: d + Au (cold nucleus)

Some theorists suggested that the observed high p; suppression in
Au+Au central events was an initial state effect. If so, then at least
some suppression should also be seen in d + Au collisions.

Experimental results (enhancement) falsified the initial-state
conjecture. Conclusion: Au+tAu resultis a final-state effect.

Au + Au Experiment d + Au Control Experiment
< 20T B Tl 2 % | | [ ] T
o 8l Au+Au 200GeV 3 5EI:U1-8:— E
165 W h+h 0A0%/N#N 1 n20-10%/N*N = 4 gF E
- ] - ﬂﬂr ++ ]
14— — 14— —
1.2F 4 12F _.l'l =
L _ L F _
i SR | :
B | ] B Illll :
0.8 - o8 A -
B ] B ':.. :
0.6 —  os * -
0.4 ﬁ;‘... ? 0.4 -
- x - d+Au 200GeV = h*+h 0-20%/N+N -
0.2 0o Dﬂ"gl B%F 0.2 —
of | | | | | - of | | | | | | L
o 1 2 3 4 5 & T 8 o 1 2 3 4 5 6 1 8
Final Data p; [GeVic] Preliminary Data p,[GeVic]
JUIy 1b, LU LL IVibucCi i i I"IIYDIL;D UIIUCIDLQIIUI'IU Lic VUI_y DQlllall allu Lic VUIy 1asti. b
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Evidence for a Dense Final State System

d+Au results from ‘ ~
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Azimuthal Anisotropy

For semi-central collsision
Initial spatial anisotropy
evolves into
momentum anistropy
but ONLY if strongly coupled!

Reaction Plane

Reaction Plane
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Anisotropic Flow in gases of atoms

Same phenomena observed in gases of “ 100 4
strongly interacting atoms. M. Gehm,
S.Granade, S. Hemmer, K, O’Hara, n 200 ps

J. Thomas. Science 298 2179 (2002)

weakly coupled strongly couple

800 s
1000 us
1500 us

2000 ps

The RHIC fireball behaves like a strongly coupled fluid
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Azimuthal Anisotropy --

Strong Initial Pressure Gradient

Elliptic Flow
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RHIC Scientists Serve Up “Perfect” Liquid

RHIC Press Conference held
Monday, April 18, 2005 in Tampa, FL
at the April Meeting of the

American Physical Society.

Hunting the Quark Gluon Plasma

RESULTS FROM THE FIRST 3 YEARS AT RHIC

ASSESSMENTS BY THE EXPERIMENTAL COLLABORATIONS

At least 148 news articles worldwide:

EEC Mlews

New

Mewsday, April 18

SCIENT
AMERI

Scientific American

k%

ABC Mews

P
Wichigan State Univ.

Wasl)

Washington Times

Physics Web

INTERACTIO

Interactions. arg

New

Mewvesday, April 19

npost.co

Washington Post

News 11

Mew York Times

April 18,2005

— BRAHMS
TechWhack » v
USA Toda —— TechWhack Relativistic Heavy lon Collider (RHIC) « Brookhaven National Laboratory, Upton, NY | 1974-5000
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Ice-Liquid Water-Steam and QCD Phase Transitions

The colliding nuclei at RHIC energies are expected to melt from bags
of protons and neutrons into a collection of quarks and gluons

A m & . . 3 .
T = LN . L
E 2(0) § L > . > .
i o | é £ "—’é . . .
2 Water Vapor Z g¢ / (e L L - ©
5 = e ¢ _ Quark Gluon Plasma
= e Y / : Critical point .
= ¢ Py @ Ciritical poin . .
= .
= |
100°C - - 2 I ;
e <
& A .
Liquid 004 @ %, .
¢"“ Hadron-Matter " % - .
0°C B sy e .\
& % 2 & € 6, - v - .
= y ¢ |
_ Y
760mm Pressure 0 1 Baryon Density [in units of nuclear matter density]

Goal: Measure the initial temperature of matter formed at RHIC
Is 7, higher than 7.~ 170 MeV (~ 1 GeV/fm3)
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Press event at Feb. 2010 APS Meeting in Washington, DC

Hot matter o 10
. -»5. E “  AuAu MB x10
emits g 1l 5 pep
Thermal £
. . T
radiation %10 ; Therma_l _Phutuns_
% ) T; = 4-8 trillion Kelvin
Temperature &' '
- g . 5 Hottest Ever
3 measured :’:W A -] Measured!
o D © Sro4y Ot M
- .+ fromthe & £ i
- iSSi Z10°¢ Ry T4
emission £107: '1
w - 8L
spectrum 0%k ill
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PHENIX P, (GeVic)

PRL 104, 132301(10); PRC 81, 034911(10)  Photon Wavelength

DISCOVER The Hottest Science Experiment on the Planet

In & Long Island lab, gold particles collide to form a subatomic steve far hotter than the sun.

Health & © Medicine Mind & Br: ain | Technology | Space Human Crigins | Living bf E-ﬂ"ﬂ Cﬂﬁﬂ-ld
Physics & Math / Subatomic Particles published online February 15, 2010
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Physics at a Few Millionths of a Second After the Big Bang

- Today is ~14 billion fears fater.

»
EmEEN

[nflation
Quark Soup

Most particles dete}cted are
hadrons after Freeze Out

~«— Radius of the Visible Universe —»=

0 1077 Sec. 1 Second 300,000 Years 1 Billion Years
One Millionth of a second Age of the Universe

1 Second

th of a seccond

.............................................................................................................................

EEEEEEEEEEEERE

10on

Q“af* Soup =] Hydrodynamic .
Evolution pre-Eauinm
Inflation ¥ e
A g a) without QGP //‘\\ b) witbi QGP z
-l AN
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Where are we on the QGP map?

| We are here

\ : : : : , “free”

[
— R 160}
)
! W7 14.0
' e o |
400 il '
= l 10.0 }
£ . -g | W |\ t ‘
% _g 3 . l«, k ‘ 80 I
= : &
oy - Plasma | 60 |
o B i\ 4.0
b= | |
P 20
200 : 0.0 H )
170 Hadrons 10 15 20 25 30 35 40
100 | T,~170 MeV; ¢ ~ 1 GeV/fm3
&* Hadron-Ma cr.gb e s« » s .
S At these temperature, QGP is ‘perfect” liquid.
:k ©, L °, : “'":g{ e e . . ; 5
b T Y e | At higher temperature, it can become “gas
0 1 Baryon Density [in units of nuclear matter density]|
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How could string theory be relevant?

The Maldacena duality, known also as AdS/CFT
correspondence, has opened a way to study the strong
coupling limit using classical gravity where it is difficult
even with lattice Quantum Chromodynamics.

It has been postulated

that there is a universal
lower viscosity bound for

all strongly coupled systems,
as determined in this

dual gravitational system.
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Undergraduate Students @ PHENIX

Abilene Christian University, Abilene, TX 79699, USA

o —
Muhlenberg College, Allentown, PA 18104-5586, USA
Morgan State University, Baltimore, MD 21251, USA
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Words to communicate concepts

Brookhaven National Laboratory Relativistic Heavy lon Collider
. small, very small Leptons
Understanding verv fast . .
Observation Moo rsllanics Electron € Positron e
Experiment Slieater] Muon p-p* Tau t° 17
g Tr/:f\;?vf;; . Quantum Neutrinos v, v, v,
9 Relativistic
Photon
The Nucleus
Nucleons:
The Atom Proton & Neutron

Hard Sphere Model  Radioactive Decay
Plum Pudding Model

Nuclear Atom Particles & Fields
Electron Wave and Gluons
Quantum Mechanics o Direct and Virtual Photons
givEsculielon) Hottest Temp. Measured
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